patch clamp; ion channels APOPTOSIS IS A PHENOMENON fundamental to higher eukaryotes and essential to the mechanisms underlying tissue homeostasis. The pro-and antiapoptotic members of the Bcl-2 family control the release of cytochrome c and other factors from mitochondria (38) . The release of cytochrome c from mitochondria is considered the commitment step of apoptosis in many cell types (17, 23, 37, 38) . Cytochrome c binds APAF-1 and procaspase-9 in the presence of dATP to form the apoptosome complex. The apoptosome then activates caspase-3, and the degenerative stage of apoptosis begins (23) . It has been proposed that cytochrome c release results from the rupture of the mitochondrial outer membrane after opening of the permeability transition pore (5, 20) . In contrast, recent investigations support the notion that cytochrome c exits directly through a pore in the mitochondrial outer membrane without loss of outer membrane integrity (2, 5, 9, 28, 30, 33, 34) . Hence, the mechanism of cytochrome c release is not well understood.
A novel, high-conductance channel forms in the mitochondrial outer membrane early in apoptosis and was discovered by applying patch-clamp techniques to mitochondria isolated from apoptotic FL5.12 cells (30) . The appearance of the mitochondrial apoptosis-induced channel (MAC) is prevented by overexpression of Bcl-2 (30) . The single-channel activity of the MAC is examined by patch clamping proteoliposomes containing mitochondrial outer membranes isolated from apoptotic cells. The average diameter of the pore of MAC is ϳ4 nm when calculated from its typical peak, single-channel transition size of ϳ2.5 nS, but the pore may be even larger. Therefore, MAC may provide a pathway for cytochrome c and even larger proteins to escape from the space between the mitochondrial membranes early in apoptosis. Previously, the failure of proteoliposomes containing MAC to retain cytochrome c provided indirect evidence that cytochrome c may cross the mitochondrial outer membrane via MAC (30) . Here, modification of the electrophysiological activity of MAC by cytochrome c provides direct evidence that cytochrome c partitions into the pore of MAC, consistent with the notion that MAC mediates release of cytochrome c from mitochondria early in apoptosis. Similar direct evidence of transport has also been reported for the effect of ATP on voltage-dependent anion-selective channels (VDAC) (31) and RNA on ␣-hemolysin channels (1, 15) .
MATERIALS AND METHODS
Cells and growth conditions. Parental FL5.12 cells were cultured as previously described (10) in Iscove's modified Eagle's medium (IMEM), 10% fetal bovine serum, and 10% WEHI-3B supplement (filtered supernatant of WEHI-3B cells secreting IL-3). FL5.12 clones overexpressing Bcl-2 or Bcl-2 mutant (G145E substitution) were passed in this medium plus 1 mg/ml Geneticin (G418) (39) . Cultures were kept at Ͻ1.5 ϫ 10 6 cells/ml. Cells were washed three times in medium with (control) or without (apoptotic) IL-3 (WEHI supplement) 12 h before isolation of mitochondria.
Isolation of mitochondria and preparation of proteoliposomes. Mitochondria were isolated from 2-15 g of FL5.12 cells as previously described for outer membrane preparations (24, 30) . Mitochondrial outer membranes were stripped from inner membranes by French pressing isolated mitochondria using modifications of the method of Decker and Greenawalt (8) . French pressing was done at 2,000 psi in 460 mM mannitol, 140 mM sucrose, 2 mM EDTA, and 10 mM HEPES, pH 7.4. The pressed suspension was diluted 1:1 with 230 mM mannitol, 70 mM sucrose, 1 mM EDTA, and 5 mM HEPES, pH 7.4, and centrifuged at 15,000 rpm for 15 min. Outer membranes were separated from inner membranes as described by Mannella and colleagues (26, 27) .
Proteoliposomes were formed by a modification of the method of Criado and Keller (7) and Lohret et al. (24) . Briefly, small liposomes were formed by sonication of lipid (type IV-S soybean L-␣-phosphatidylcholine; Sigma) in water. Sonication was carried out at power setting 7 with a Fisher 60 Sonic dismembrator and attached ultrasonic converter for 30 s on and 30 s off, for a total of 10 min, on ice. Small liposomes were centrifuged at 45,000 rpm for 2 h with an MLA-80 rotor in a Beckman Optima ultracentrifuge. Mitochondrial outer membranes (30-35 g protein) and small liposomes (600 g lipid) were mixed with 5 mM HEPES, pH 7.4 (50 l final volume), and dotted (ϳ0.5-l dots) on a glass slide. Samples were dehydrated (ϳ3 h) and rehydrated overnight with 150 mM KCl and 5 mM HEPES, pH 7.4 (rehydration medium) at 4°C. Proteoliposomes were harvested with ϳ0.5 ml of rehydration medium and stored at Ϫ80°C.
Time-lapse microscopy. Cells were grown as described above and incubated on slides coated with Cell-Tak (Becton Dickinson). Slides were mounted in sealed Rose chambers maintained at 37°C with IMEM with or without IL-3. Images were taken every 10 min for ϳ75 h with a Spot RT monochrome charge-coupled device camera (Diagnostics Instruments) on a Nikon Eclipse TE300 phase-contrast microscope, with media exchanges every 24 h. Spot RT software or Scion Imaging (National Institutes of Health) controlled the Uniblitz shutter (model VMMD1). Pictures were captured and then stacked by Scion Imaging or Spot software.
Flow cytometry. Cells were grown and resuspended with or without IL-3 as described above. After 12, 24, 36, and 48 h, cells were harvested at 1,000 g for 5 min. Cells were washed in cold PBS twice and resuspended at 2 ϫ 10 6 cells/ml in 10 mM HEPES, 140 mM NaCl, and 2.5 mM CaCl2, pH 7.4. Cells (4 ϫ 10 5 ) were incubated with annexin V according to PharMingen protocol and incubated at room temperature for 15 min. Cells were treated with propidium iodide (Sigma) just before flow cytometry readings. Data were taken for 1 ϫ 10 4 cells in FACSort (Becton Dickinson) and analyzed by WinMDI software.
Immunoblotting. Proteins were separated by SDS-PAGE and electrotransferred onto polyvinylidene difluoride membranes. Indirect immunodetection employed chemiluminescence (Amersham) with horseradish peroxidase-coupled secondary antibodies. Mitochondrial outer membrane proteins (0.5-2 g/lane) were probed with primary antibodies against mammalian VDAC (1:2,500; Calbiochem) and Bcl-2 (1:5,000; Research Diagnostics) and a secondary anti-rabbit or anti-mouse antibody (1:5,000; Jackson Immunoresearch).
Patch-clamp analysis. Patch-clamp procedures and analysis were previously described (24, 30) . Briefly, membrane patches were excised from proteoliposomes containing purified mitochondrial outer membranes after formation of a gigaseal using micropipettes with ϳ0.4-m-diameter tips and resistances of 10-20 M⍀ at room temperature. Unless otherwise stated, the solution was symmetrical 150 mM KCl and 5 mM HEPES, pH 7.4. Ion selectivity was determined from the reversal potential after perfusion of the bath with 30 mM KCl, 56 mM sucrose, 184 mM mannitol, and 5 mM HEPES, pH 7.4. Agar bridges were routinely used. Voltage clamp was performed with the excised configuration of the patch-clamp technique (12) by using a Dagan 3900 patch-clamp amplifier in the inside-out mode or an Axopatch 200 amplifier. Voltages are reported as bath potentials. The conductance was typically determined from total amplitude histograms of 30 s of current traces at ϩ20 mV. The pore diameter of MAC Although it is almost undetectable in these blots, Bcl-2 is expressed at low levels in parental cells.
was estimated by using the method of Hille (13) from the peak conductance (reciprocal of the pore resistance) with the assumption that pore length was 5.5 nm (25); i.e., R channel ϭ (l/⌸a 2 ), where R and are the resistivity of the pore and solution, respectively, l is pore length, and a is pore radius. Alternatively, the following formula for pore size, which includes access resistance, is R channel ϭ [l ϩ (⌸a)/2] (/⌸a 2 ). Dextran solutions were made as 5% (wt/vol, i.e., 5 g of dextran were added to 100 ml) in 150 mM KCl and 5 mM HEPES, pH 7.4. Conductivity of each solution was measured with a Thermo Orion 105 at room temperature. The conductivity ratio of the KCl solution to 5% dextran solutions was 1:0.865, regardless of the size of the dextran molecule. WinEDR version 2.3.3, part of Strathclyde Electrophysiological Software (courtesy of J. Dempster, University of Strathclyde, UK), was used for the variance analysis of noise.
RESULTS
Onset of apoptotic markers in FL5.12 cells after growth factor withdrawal. Apoptosis was induced by withdrawal of IL-3 from three hematopoietic FL5.12 cell lines: parental, Bcl-2-overexpressing (Bcl-2), and mutant (incompetent) Bcl-2-overexpressing cells (10, 29, 39) . Bax translocates to the mitochondrial outer membrane and cytochrome c is released from mitochondria 12 h after IL-3 withdrawal (10) . By this time, the mean diameter of the cells has shifted from 11 m (normal) to 9 m, regardless of Bcl-2 level (Fig. 1A) . Timelapse video microscopy was used to monitor the morphological changes during apoptosis and the onset of active blebbing, a late marker for apoptosis. Onset of blebbing occurred at 39.5 Ϯ 1 h (n ϭ 26 cells) after IL-3 withdrawal in the Bcl-2 mutant cells (Fig. 1A) . The same results were obtained with the parental cells (not shown). Bcl-2 overexpression delays apoptosis, inasmuch as cells that overexpress wild-type Bcl-2 were not blebbing before 64 h (Fig. 1A) . Annexin V labeling of cells indicates a loss of lipid bilayer asymmetry, inasmuch as external annexin V binds to phosphatidylserine, which is normally found exclusively on the inner face of the plasma membrane. Propidium iodide labeling of cells indicates loss of the integrity of the plasma membrane and cell death. Figure 1B shows that the onset of propidium iodide and annexin V labeling of cells began ϳ36 h after IL-3 withdrawal, and overexpression of wild-type Bcl-2 delayed onset of both of these markers of during voltage shifts from ϩ40 to Ϫ40 mV and again to ϩ40 mV. C: total conductance of MAC shown as a function of frequency of detection in independent patches. Bins are 0.5 nS. Conductances Յ1 nS are not considered to be MAC; this bin is arbitrarily assigned to zero. Total conductance was calculated from total amplitude histograms usually of 30 s of current traces at ϩ20 mV and was not leak subtracted.
apoptosis. As expected, the Bcl-2 levels were higher in the overexpressing cell lines than the in the parental cells (Fig.  1C) . MAC activity is detected early in the process of apoptosis (12 h) of parental and mutant Bcl-2 cells but is never found in the wild-type Bcl-2-overexpressing cells (30) .
MAC is a heterogeneous high-conductance channel found in apoptotic FL5.12 cells. The permeability of the mitochondrial outer membrane of apoptotic cells increases 12 h after IL-3 withdrawal (30), which is early in apoptosis, before loss of bilayer asymmetry or onset of blebbing ( Fig. 1) (30) . The single-channel activity of MAC is studied here in proteoliposomes formed by the fusion of small liposomes with outer membranes purified from mitochondria isolated from apoptotic parental FL5.12 cells 12 h after withdrawal of IL-3.
MAC is a heterogeneous channel with a variable high conductance and several substates (Fig. 2) . MAC is differentiated from the activities of the two other high-conductance channels of the outer membrane, VDAC and translocase outer membrane (TOM) channel, by single-channel characteristics, including conductance, transition size, voltage dependence, and long open times (30) . Conductances below 1.5 nS were not characterized in this study.
The single-channel kinetics of MAC can be classified as fast (rapidly flickering between conductance states) or relatively stable, with a mean open time of minutes. Figure 2A shows a current trace of MAC with fast kinetics. This channel frequently fluctuates between the fully open and closed states, with a maximal single transition size of 2.1 nS and at least three substates. Generally, MAC with fast kinetics inactivates quickly or enters the long-lived, fully open state that rarely closes (Fig. 2B) . The significance of these two different kinetic behaviors is not known and requires further examination. MAC is not typically voltage dependent, because the transitions typically occur randomly. The behavior of each MAC is routinely characterized before effectors are tested. The conductance of MAC is variable (Fig. 2C ), but conductances of 1.5-5 nS have the highest frequency and are considered the most common.
Effects of cytochrome c on MAC activity. Cytochrome c is the best-characterized proapoptotic factor among those normally located in the intermembrane space of mitochondria and released to cytosol early in apoptosis. If cytochrome c passes through MAC, changes in MAC activity are expected, because cytochrome c has a molecular weight of 12,400 and is positively charged at physiological pH (pI ϭ 10.7) (6). MAC with fast kinetics is not stable for long periods of time. Therefore, the effect of cytochrome c was tested on MAC with long-lived openings. Cytochrome c reduced the current flow through MAC (Fig. 3) . In about half the patches in which cytochrome c had an effect, a modest (5-25%) decrease in conductance was observed. These patches typically exhibit rectification, because the current reduction at bath positive potentials was greater than that at negative potentials (Fig. 3C ). These effects of cytochrome c were typically reversible (not shown) and were accompanied by an increase in noise. This increase was evidenced by an approximate doubling of the width of the current traces, which was apparent in the presence of cytochrome c (150 mM KCl; Fig. 3, A and B) . The normalized statistical variance of the ionic current increased (189 Ϯ 24%) on introduction of cytochrome c to patches containing MAC. In contrast, no cytochrome c-induced noise was observed with VDAC or TOM channels (not shown). We refer to the effects of cytochrome c on MAC activity that include a modest Fig. 3 . Effects of cytochrome c on conductance and noise level of MAC activity. Type 1 effects are illustrated by current traces of 2 different patches (A and B) with MAC activity in the absence (control) and presence of 100 M cytochrome c (Cyt c). In A, I ϭ 0. In B, mean current levels of control, Cyt c, and Cyt c "plug" are 56, 54, and 19 pA, respectively (determined by total-amplitude histograms). Current level remained at 54 pA (Cyt c) for ϳ74 s after perfusion with cytochrome c and then spontaneously decreased to 19 pA (Cyt c "plug"), illustrating a likely shift from type 1 to type 2 effects of cytochrome c. Sampling was at 2 kHz with 1-kHz filtration. C: currentvoltage relation for MAC in the presence (ϩCyt c) and absence (control) of 100 M cytochrome c. Voltage was manually ramped. In A-C, medium was symmetrical 150 mM KCl and 5 mM HEPES, pH 7.4. D: discontinuous current traces of the same MAC show activity before and after 100 M Cyt c was introduced into the bath by perfusion. Medium was symmetrical 500 mM KCl and 5 mM HEPES, pH 7.4. Immediately after perfusion, high noise level and modest current decrease (type 1) were spontaneously followed by a further decrease in current and noise (type 2). Mean current levels of the control, Cyt c, and Cyt c "plug" traces are 230, 175, and 3 pA, respectively. Effect was not reversible, inasmuch as multiple washes for Ͼ30 min with medium without cytochrome c did not increase current (not shown).
decrease in conductance that is voltage dependent, reversible, and accompanied by an increase in noise as type 1 effects.
The effect of cytochrome c on MAC is variable in magnitude, which suggests that more than one phenomenon is involved, e.g., partitioning of cytochrome c into the pore (type 1) and a possible plugging of MAC's pore by cytochrome c (type 2). The type 1 effects are described above. The type 2 effects are characterized by a decrease in MAC conductance of Ͼ50% (Fig. 4A) . Type 2 effects were observed in approximately half of the patches in which cytochrome c had an effect. This effect of cytochrome c on the current through MAC was dose dependent from 10 to 1,000 M (Fig. 4B) , which is in the physiological range. The concentration of cytochrome c is normally 300-700 M in the intermembrane space (11) . Unlike type 1, the type 2 effects of cytochrome c on MAC are not voltage dependent, inasmuch as there is no rectification. As the cytochrome c concentration was varied, the current through this MAC was approximately the same at ϩ20 and Ϫ20 mV, as shown in the discontinuous current traces of Fig. 4B . The noise often decreases with the type 2 effect as the variance of the current traces showing a cytochrome c "plug" overlaps that of the control (see also Fig. 3B , compare thickness of the current traces). Furthermore, the type 2 effects are typically not reversible, suggesting that there has been a destabilization of the open state, a stabilization of a low-conductance level, or a plugging of the conductance pathway. We are unable to distinguish between these possibilities. Cytochrome c may bind or accumulate in the vicinity of the pore of MAC to induce these effects. In summary, the type 2 effects include a large decrease in conductance that is dose dependent, but not voltage dependent, and usually not reversible.
The possibility that fixed charge and/or the presence of a heme group are important to the effects of cytochrome was examined. The effect of fixed charges on the effects of cytochrome c was determined by increasing the concentration of KCl in the bath and pipette media from 150 to 500 mM. Interestingly, the type 1 and type 2 effects of cytochrome c on MAC were observed when the ionic strength was increased to reduce ionic interactions. A slight decrease in conductance and a large increase in noise were immediately observed on introduction of 100 M cytochrome c into the bath (typical of type 1 effects) at 500 mM KCl (Fig. 3D) . Within 1 min, the conductance spontaneously decreased and the noise disappeared (type 2 effects). This effect was not reversed after multiple perfusions of the bath with 500 mM KCl medium without cytochrome c for Ͼ30 min in this patch. The type 2 effects are apparently not reversible at normal and high ionic strength. The contribution of the heme group to the effects of cytochrome c was tested using hemoglobin [molecular weight (dimer) is 32,000 in solution (35) ]. Perfusion of the bath with medium containing 200 M hemoglobin on a patch containing MAC activity did not significantly modify the conductance or noise level (Figs. 4A and 5A ). Therefore, charge and the presence of a heme group are not central to the effects of cytochrome c on MAC.
The possibility that the pore size of MAC was responsible for the variability of the effect was explored. MAC is a heterogeneous channel with a variable high conductance and several substates (Fig. 2) . In Fig. 5B , the magnitude of the effect of cytochrome c is indicated as the relative conductance of MAC (conductance with or without cytochrome c) in individual patches and is plotted as a function of MAC conductance. No attempt was made to distinguish between type 1 and type 2 effects in this plot. The magnitude of the effect of cytochrome c was maximal when the conductance of MAC was 1.9-5.4 nS. The effect of cytochrome c when the conductance of MAC was 1.9-5.4 nS was significantly different from that when the conductance was outside this range when these data were binned (Fig. 5C) . Importantly, cytochrome c had no effect on the conductance of VDAC or TOM channel activities and did not change the conductance of liposome patches containing no channel activity (Fig. 5A) .
MAC is modified by ribonuclease A. The size of the effector may be a crucial determinant of whether there will be a decrease in MAC conductance, because cytochrome c, but not hemoglobin, reduced the current flow through MAC at normal (Fig. 4A ) and high ionic strength ( Fig. 3D; hemoglobin not shown). Ribonuclease A is slightly larger (13.7 kDa) and slightly less positively charged than cytochrome c at neutral pH [pI ϭ 9.4 (21)]. Ribonuclease A (10-1,000 M) reduced MAC conductance in a dose-dependent, but voltage-independent, manner, similar to the type 2 effect of cytochrome c (Fig. 6A) . Typically, higher doses increase the effect, but the reduction in current is the same at positive and negative voltages. The plot of relative conductance vs. conductance of MAC reveals that the effects of ribonuclease A on MAC also depend on the initial conductance of MAC (Fig. 6, B and C) . The effect of ribonuclease A was maximal when the conductance of MAC was 1.4-5.4 nS, a range almost identical to that of the effect of cytochrome c (Fig. 5C ). The effect of ribonuclease A outside this range of conductance was diminished, as shown in Fig. 6C . Adenylate kinase (another intermembrane space protein) at 100 M routinely disrupted the membrane patches and, therefore, could not be tested.
Sizing of MAC's pore by dextran. Nonelectrolytes, such as dextran and polyethylene glycol, are available in a variety of molecular weights and have been used to size the pores of other channels (4, 18, 19, 33, 36) . When this polymer exclusion method is used for pore sizing, the conductance of the channel decreases when permeant polymers are in the bathing medium, while nonpermeant polymers have no effect. The effect on MAC activity of a series of 5% (wt/vol) 10-to 71-kDa dextrans was determined to further characterize MAC (Fig. 7) . Dextran (typically 10 or 17 kDa) reduced the conductance of MAC when the estimated conductance was 1.3-5.0 nS (Fig. 7B) . These dextrans have little effect on MAC conductance when the pore size is outside this range. These data indicate that the decrease in MAC conductance induced by dextran, like cytochrome c and ribonuclease A, is dependent on MAC conductance.
As expected, the reduction of MAC conductance depends on the size of the dextran molecule. As shown in Fig. 7A , 10-kDa dextran reduced the MAC conductance by 40% (from 4 to ϳ2.4 nS), whereas 17-kDa dextran only caused a ϳ25% decrease; 45-and 71-kDa dextrans had virtually no effect on this MAC. As shown in Fig. 7B , 10-and 17-kDa dextrans reduced the conductance of MAC with peak conductances of 1.3-5 nS and had little effect if the conductance was outside this range. These data suggest that the diameter of the MAC pore is slightly larger than that of 17-kDa dextran.
DISCUSSION
The onset of MAC activity in the mitochondrial outer membrane occurs early in the timeline of the apoptotic cascade, which is appropriate for a channel involved in cytochrome c release (30) . MAC is detected 12 h after IL-3 withdrawal in parental and Bcl-2 mutant FL5.12 cells before the onset of other markers for apoptosis ( Fig. 1) and is never found in Bcl-2-overexpressing cells (30) . At this time, the conductance of the native outer membrane measured by directly patch clamping mitochondria increases (30) , and cytochrome c is released (10) . Furthermore, Bax is translocating into the outer membrane of mitochondria (10, 30) , and the cells are beginning to decrease in size (Fig. 1) . The onset of other apoptosis markers, such as annexin V and propidium iodide labeling, as well as membrane blebbing, does not begin for another 24 h (Fig. 1) . Although these findings are consistent with the notion that MAC provides a pathway for cytochrome c early in apoptosis, the effects of cytochrome c on the electrophysiological properties of MAC activity provide more compelling evidence for this role of MAC in apoptosis (see below).
Investigations of the heterogeneous, but large, conductance of MAC were undertaken to further characterize this channel. The conductance of MAC is variable (Fig. 2C) . The diameter of the pore of a channel can be estimated from the conductance using the method of Hille (Ref. 13 ; see MATERIALS AND METH-ODS). Although this method for estimating pore size is simplistic, it provides the basis for discussion of the pore size of the heterogeneous MAC. Most MAC have conductances of 1.5-5 nS determined from total amplitude histograms of current traces, typically at ϩ20 mV for 30 s (Fig. 2) . The thickness of the mitochondrial outer membrane is 5.1-5.8 nm (25) . When the method of Hille and an average pore length of 5.5 nm are used, this conductance range corresponds to pore diameters of 2.9-5.3 nm (ignoring access resistance) and 3.6-7.6 nm (including access resistance). Cytochrome c is most effective in reducing the current through MAC when the conductance is 1.9-5.4 nS (Fig. 5) . These conductances correspond to estimated pore diameters of 3.3-5.4 nm without and 4.1-8.1 nm with access resistance. The diameter of cytochrome c is 3-3.4 nm (6). Thus the MAC pore is likely large enough to permit the passage of cytochrome c. MAC with similar conductances responded when the pore was probed with ribonuclease A (3-3.8 nm diameter) (3) (Fig. 6) .
In this study, the pore size of MAC was also estimated using dextran molecules of various sizes (Fig. 7) , as has been done with other channels (18, 19) . Typically, 10-and 17-kDa dextrans reduce the conductance of MAC (Fig. 7) . In a few cases, 45-kDa dextran also reduces the conductance of MAC. These findings are consistent with partitioning of 10-to 17-kDa molecules, but usually not larger molecules, into the pore. The diameters of 10-and 17-kDa dextran reported in the literature are variable and have been estimated to be 2.2-6.4 and 6.9-8.2 nm, respectively (22, 33) . As expected from the calculations based on the method of Hille (13), these methods indicate that MAC is permeable to 10-and 17-kDa dextrans when the estimated pore sizes are ϳ2.9-7.6 nm (1.5-5 nS), which is similar to the size of these dextrans. Hence, these methods suggest that the pore diameter of MAC is similar to that calculated from the conductance using the two methods of Hille.
Physiological concentrations of cytochrome c affect the electrophysiological properties of MAC (Figs. 3-5 ). The vari- Fig. 7 . Sizing of MAC by 10-to 71-kDa dextrans. A: current trace (5-kHz sampling and 2-kHz filtration) showing MAC with a peak conductance of ϳ4.0 nS during sequential perfusion of the bath with 5% (wt/vol) dextran at ϩ20 mV, briefly at 0 mV, and Ϫ20 mV. Maximal reduction in MAC conductance was caused by 10-kDa dextran, and degree of blockade decreased as dextran size increased. B: MAC conductance in the presence of 10-or 17-kDa dextran normalized to that in the absence of dextran, corrected for the 14% decrease in conductivity, and grouped by conductance of MAC. Conductance of 1.3-to 5-nS MAC was reduced by 10-and 17-kDa dextran. Values are means Ϯ SE; n, number of independent determinations. *P Ͻ 0.001 (Student's t-test) . ability of the extent and the reversibility of the conductance decrease suggest that more than one mechanism underlies these changes. We have classified the effects as type 1 and type 2. They occur with similar frequency and are occasionally observed in the same patch (Fig. 3, B and D) .
The type 1 effect of cytochrome c is characterized by a modest decrease in conductance that rectifies at bath positive potentials and is reversible (Figs. 3-5 ). There is a consistent doubling of the noise level in the presence of physiological levels of cytochrome c (189 Ϯ 24% increase in variance). All these effects are observed when charged molecules transit a pore by biochemical methods, e.g., RNA through ␣-hemolysin channels and ATP through VDAC (4, 14-16, 31, 32) . By inference, the type 1 effects are consistent with a partitioning of these molecules into the pores and suggest that cytochrome c transits through MAC.
The type 2 effect of cytochrome c is a Ͼ50% decrease in conductance that does not rectify and is not typically reversible (Figs. 4 and 5) . The type 2 effect suggests that cytochrome c binds to MAC in such a way that plugs the pore during transit, destabilizes the open state, or stabilizes a low-conductance state. We have not discriminated among these possibilities. However, inasmuch as the type 2 effects are not reversible 30-60 min after removal of the cytochrome c, destabilization of the open state or stabilization of a low-conductance state is more likely to be involved than a simple plug. Furthermore, this effect of cytochrome c is more pronounced when the conductance of MAC is 1.9-5.4 nS (Fig. 5, B and C) . Hence, the site at which cytochrome c interacts with MAC may be lost and/or modified in MAC with larger pores.
Cytochrome c is a rather small, cationic protein that contains a heme. Several attributes of cytochrome c were explored to determine which were important in the reduction of MAC's conductance. The type 1 and type 2 effects are observed at high ionic strength (500 mM), suggesting that charge is not central to the blockade. Second, the heme-containing protein hemoglobin has no effect on MAC, indicating that the presence of a heme is not essential. Ribonuclease A (14 kDa) and 10-and 17-kDa dextrans similarly affect MAC conductance. Larger dextrans have no effects. Therefore, molecular size is important, while charge and the presence of a heme probably are not central to these effects.
Cytochrome c is released from the mitochondria of many cell types early in the apoptotic cascade. However, the mechanisms underlying cytochrome c release have not been established. Cytochrome c release can be the result of rupturing of the mitochondrial outer membrane after opening of the permeability transition pore (5, 20) . However, the outer membrane of mitochondria remains apparently intact, even though cytochrome c has been released in some studies (2, 5, 9, 28, 30, 33, 34) . In these cases, MAC may provide the transit pathway for cytochrome c release without compromising the integrity of the outer membrane. In previous studies, we found that proteoliposomes with MAC activity (prepared by fusion of liposomes with mitochondrial outer membranes purified from apoptotic cells) failed to retain cytochrome c compared with control proteoliposomes prepared from normal cells (30) . This finding suggested that cytochrome c permeability increases early in apoptosis, when MAC is first detected. The present study represents the first report of the effects of cytochrome c on the electrophysiological behavior of MAC. The type 1 effects of cytochrome c on MAC are consistent with a partitioning of cytochrome c into MAC's pore. These effects are similar to those caused by ATP on VDAC (31) and single-stranded RNA on ␣-hemolysin channels (1, 15) . In the latter study, in which RT-PCR techniques were used, RNA actually translocated through the ␣-hemolysin channel. The type 1 effects of cytochrome c on MAC activity, the enormous size of MAC's pore [which allows the partitioning of 17-kDa dextran (Fig. 7) ], and our previous studies in which cytochrome c permeability increases in proteoliposomes expressing MAC activity (30) lend strong support to the notion that cytochrome c can transit the pore of MAC. Future studies should include pharmacological profiling, because MAC may represent an important novel therapeutic site for regulation of apoptosis.
